The Transcriptional Control of Trunk Neural Crest Induction, Survival, and Delamination  by Cheung, Martin et al.
Developmental Cell, Vol. 8, 179–192, February, 2005, Copyright ©2005 by Elsevier Inc. DOI 10.1016/j.devcel.2004.12.010
The Transcriptional Control of Trunk Neural Crest
Induction, Survival, and DelaminationMartin Cheung,1 Marie-Christine Chaboissier,2
Anita Mynett,1 Elizabeth Hirst,1 Andreas Schedl,2
and James Briscoe1,*
1Developmental Neurobiology
National Institute for Medical Research
Mill Hill
London, NW7 1AA
United Kingdom
2INSERM U470
Institute de Biochemie
Université Nice
06108 Nice cedex 2
France
Summary
Trunk neural crest cells are generated at the border
between the neural plate and nonneural ectoderm,
where they initiate a distinct program of gene expres-
sion, undergo an epithelial-mesenchymal transition
(EMT), and delaminate from the neuroepithelium. Here,
we provide evidence that members of three families
of transcription induce these properties in premigra-
tory neural crest cells. Sox9 acts to provide the com-
petence for neural crest cells to undergo an EMT and
is required for trunk neural crest survival. In the ab-
sence of Sox9, cells apoptose prior to or shortly after
delamination. Slug/Snail, in the presence of Sox9, is
sufficient to induce an EMT in neural epithelial cells,
while FoxD3 regulates the expression of cell-cell ad-
hesion molecules required for neural crest migration.
Together, the data suggest a model in which a combi-
nation of transcription factors regulates the acquisi-
tion of the diverse properties of neural crest cells.
Introduction
Neural crest cells (NCCs) are generated at the border
between the neural plate and nonneural ectoderm.
These cells initiate a distinct program of gene expres-
sion; undergo an epithelial-mesenchymal transition;
delaminate from the neuroepithelium; and migrate into
the periphery, where they differentiate into a diverse set
of derivatives, including peripheral nervous system
neurons and glia and pigment cells (Le Douarin and
Kalcheim, 1999). Induction of NCCs appears to depend
on signals emanating from nonneural ectoderm or non-
axial mesoderm, and progress has been made in identi-
fying and characterizing these signals (reviewed in
Knecht and Bronner-Fraser, 2002). Within responding
cells, these signals are thought to initiate a program
that modifies the transcriptional activity, cell adhesion,
cytoskeleton assembly, and cell-matrix interaction of
prospective NCCs (reviewed in Savagner, 2001). These
changes establish NCC identity and promote an epithe-
lial-mesenchymal transition (EMT) involving the reorga-*Correspondence: james.briscoe@nimr.mrc.ac.uknization of the actin cytoskeleton, loss of epithelial po-
larity, and alterations in cell-cell adhesive properties
(Duband et al., 1995; Knecht and Bronner-Fraser, 2002).
The induction of NCC identity and the initiation of an
EMT appear to be separable (Newgreen and Min-
ichiello, 1995; Sela-Donenfield and Kalcheim, 1999); al-
though, during normal neural crest development, these
events occur in a spatially and temporally coordinated
manner.
Despite the identification of a number of genes acti-
vated in prospective NCCs, the steps at which these
genes act and how the acquisition of the different fea-
tures of NCCs are integrated remain poorly defined.
Sox9, a member of the SoxE subgroup of HMG-con-
taining transcription factors, and the winged-helix tran-
scription factor FoxD3 are sufficient to induce a number
of the properties of NCCs in chick neural tube cells
(Cheung and Briscoe, 2003; Dottori et al., 2001; Kos et
al., 2001). Further supporting a role for Sox9 in NCC
induction, loss-of-function analyses in Xenopus sug-
gest that Sox9 is required for cranial neural crest forma-
tion (Spokony et al., 2002). The heterozygous lethality
of Sox9 null mice has hampered experiments to ad-
dress the requirement for Sox9 in NCC induction in am-
niotes (Bi et al., 2001). Moreover, consistent with the
idea that the specification and EMT of NCCs are inde-
pendently controlled, and although Sox9 and FoxD3
are sufficient to induce many characteristics of NCC
differentiation, neither efficiently promotes an EMT
(Cheung and Briscoe, 2003; Dottori et al., 2001). Candi-
dates for orchestrating an EMT include the small G pro-
tein RhoB (Liu and Jessell, 1998) and the zinc finger
transcription factors Slug and Snail (Bolos et al., 2003;
Cano et al., 2000). RhoB is expressed in premigratory
and early migrating NCCs, and inhibition of Rho activity
prevents neural crest delamination (Liu and Jessell,
1998). Overexpression of members of the Snail family
increases the number of migratory NCCs in cranial re-
gions of chick embryos (del Barrio and Nieto, 2002),
and inhibition of Slug function reduces NCC migration
in Xenopus and chick (LaBonne and Bronner-Fraser,
2000; Nieto et al., 1994).
In this study, we dissect the cell intrinsic pathway of
NCC induction in amniotes and examine the hierarchi-
cal relationship between the genes involved. Analysis
of mouse embryos lacking Sox9 indicates that, in the
absence of Sox9, trunk neural crest specification is ini-
tiated, but NCCs apoptose shortly afterward. Con-
versely, gain-of-function experiments reveal that speci-
fication of trunk NCCs involves the coordinated activity
of Sox9, FoxD3, and Slug. Each transcription factor ap-
pears to regulate the acquisition of distinct NCC prop-
erties, while the combined expression of Sox9, Slug,
and FoxD3 in neural cells appears to induce cells that
manifest all the principal transcriptional and morpho-
logical characteristics of NCCs. Together, these find-
ings indicate that NCC induction is dependent on an
integrated cell intrinsic network of transcription factors
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180Figure 1. Coexpression of Sox9 and RhoB Induces Neural Crest Cell Differentiation and an Epithelial-Mesenchymal Transition
(A–I) In ovo electroporation (EP) of Sox9 assayed 24 hr posttransfection (hpt). (A–C) Forced expression of Sox9 induces HNK-1 expression.
(D–F) Laminin expression indicates that most Sox9-transfected cells remain within the neural tube; a few cells were observed delaminating
from the dorsal neural tube where Laminin expression was downregulated (arrow). (G–I) Sox9 expression does not affect N-Cad expression;
the arrow indicates apical concentration of N-Cad.
(J–R) Cotransfection of Sox9 and constitutively active RhoB(QL) assayed 24 hpt. (J–L) Ectopic HNK-1 expression is induced in transfected
cells, and these cells no longer appear to have a pseudostratified morphology. (M–O) Many transfected cells are observed delaminating from
the neural tube, and Laminin expression is lost from the basal surface of the neural tube. (P–R) N-Cad expression continues in transfected
cells, but the apical accumulation is lost.
(S–U) Forced expression of RhoB(QL) does not induce ectopic HNK-1 expression.
(V and W) A TUNEL assay indicates that RhoB-transfected cells are undergoing apoptosis.
(X and Y) Few apoptotic cells are detected in embryos cotransfected with Sox9 and RhoB(QL).that control and coordinate the acquisition of trunk c
pNCC properties.
B
iResults
i
pCoexpression of Sox9 and RhoB Induces NCC
Differentiation and EMT Characteristics H
aPrevious studies provided evidence that Sox9 was suf-ficient to induce a number of properties of neural crestell differentiation; however, Sox9 did not efficiently
romote an EMT or NCC delamination (Cheung and
riscoe, 2003). One candidate for promoting an EMT
s the small GTPase, RhoB (Liu and Jessell, 1998). To
nvestigate this possibility, we performed in ovo electro-
oration in the chick spinal cord at Hamburger and
amiliton (HH) stage-10 to stage-12 chick embryos at
stage prior to NCC delamination. Misexpression ofSox9, alone, induced expression of the chick neural
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181crest marker HNK-1 in neuroepithelial cells (Cheung
and Briscoe, 2003; Figures 1A–1C, n = 6), but trans-
fected cells remained in a pseudostratified epithelium
and only a few cells were observed delaminating ectop-
ically from intermediate regions of the neural tube.
Moreover, the basement membrane remained largely
intact (Figures 1D–1F, n = 6). In addition, N-Cadherin
(N-Cad), which is concentrated on the apical surface of
neuroepithelial cells (Akitaya and Bronner-Fraser, 1992),
was unaffected by the forced expression of Sox9 (Fig-
ures 1G–1I, n = 6). In contrast, coelectroporation of
Sox9 and either a wild-type RhoB or dominant, active
RhoB (QL; Mellor et al., 1998) resulted in dramatic
changes in neuroepithelial cell morphology. Coexpres-
sion of Sox9 + RhoB(QL) induced ectopic HNK-1 expres-
sion; however, transfected cells no longer exhibited a
pseudostratified appearance and instead acquired a
more rounded shape and a loosely packed configura-
tion characteristic of mesenchymal-like cells (Figures
1J–1L, n = 10). Many transfected cells were found mi-
grating out of the neural tube, and there was a marked
reduction in Laminin expression on the basal surface
of the neural tube (Figures 1M–1O, n = 10). Moreover,
transfected cells lacked the apical accumulation of
N-Cad expression, and N-Cad was uniformly distrib-
uted around the cell surface (Figures 1P–1R, n = 10).
Cotransfection of Sox9 and a version of RhoB mutated
to lack signaling activity (Mellor et al., 1998) did not
induce the characteristics of an EMT (not shown).
We next asked whether the expression of RhoB(QL)
alone was able to induce any properties of NCC differ-
entiation or an EMT. In contrast to cotransfection of
Sox9 + RhoB(QL), when RhoB(QL) was electroporated
alone, no ectopic HNK-1 expression was detected (Fig-
ures 1S–1U, n = 10). However, neural tube morphology
was severely distorted on the transfected side of the
embryo (Figures 1S–1U, n = 10). TUNEL assays showed
extensive apoptosis in embryos transfected with
RhoB(QL) (Figures 1V and 1W, n = 10), while embryos
coelectroporated with Sox9 + RhoB(QL) contained few
apoptotic cells (Figures 1X and 1Y, n = 12). These data
suggest that the coexpression of Sox9 and RhoB(QL)
is sufficient to initiate NCC differentiation and is charac-
teristic of an EMT, while, in the absence of Sox9, RhoB
activity is incompatible with the survival of neural cells.
Sox9 Is Required for the Generation
of Trunk Neural Crest Derivatives
These findings raised the question of whether Sox9 is
required for neural crest generation. To address this,
we examined mouse embryos lacking Sox9. In mouse,
as in chick, Sox9 is transiently expressed in premigra-
tory NCCs, and this population of cells also expresses
the transcription factors Sox10, FoxD3, and Snail (Sup-
plemental Figures S1A–S1P; see the Supplemental
Data available with this article online). Due to the peri-
natal lethality of Sox9null/+ heterozygous mice (Bi et al.,
2001), we took advantage of a conditional null allele in
mouse embryos (Akiyama et al., 2004).
We have focused our analysis on trunk neural crest
generated between the forelimb and hindlimb level.
First, we examined dorsal root ganglion (DRG) in Sox9
null embryos at E10.5, when ventrally migrating NCCs
had begun to differentiate in the peripherery (Serbedzijaet al., 1990). At E10.5, large numbers of neurons and
glia, marked by Isl-1/2 and Sox10, respectively, were
observed in the DRG of wild-type embryos (Figures 2C–
2K and Supplemental Figures S2E, S2O, and S2S). In
contrast, neuronal and glial generation in the periphery
was significantly reduced caudal to the forelimb level
in mutant embryos (Figures 2C–2K and Supplemental
Figures S2F, S2H, S2P, and S2T). However, Isl-1/2 ex-
pression in the dorsal interneurons and motor neurons
in the spinal cord appeared to be unaffected in Sox9
mutants (Figure 2G). Consistent with the reduction in
expression of Isl-1/2 and Sox10 in the periphery of
Sox9 mutants, the peripheral expression of other neu-
ronal markers, Brn3.0 and TuJ1 (Figures 2L and 2M and
Supplemental Figures S2J, S2L, S2N, and S4R), and in
glial markers, including ErbB3, FoxD3, and Notch-1
(Figures 2N and 2O and Supplemental Figures S2A–
S2D), was also markedly reduced. We next examined
the formation of sympathetic ganglia characterized by
the expression of markers that include Phox2b and
Mash1 (Pattyn et al., 1999; Guillemot et al., 1993; Fig-
ures 2P–2S). In wild-type embryos, sympathetic ganglia
can be identified coalescing adjacent to the dorsal
aorta (Figures 2P and 2R). In contrast, in embryos lack-
ing Sox9, expression of Phox2b and Mash1 in sympa-
thetic ganglia was absent, and no evidence for ganglia
formation could be found (Figures 2Q and 2S). How-
ever, Mash1 expression in the spinal cord was unaf-
fected by the loss of Sox9 (Figure 2S). Although se-
verely reduced in Sox9 null embryos, a small number
of NCC derivatives continued to be generated at trunk
levels (Figures 2C–2O); moreover, at rostral forelimb
and cranial levels, NCCs were generated and were dis-
tributed in a manner similar to that of wild-type em-
bryos (Supplemental Figures S2O–S2R). These results
indicate that lack of Sox9 has less impact on the gener-
ation of anterior NCCs. Taken together, these findings
indicate that Sox9 is required for the normal generation
of trunk neural crest derivatives.
In Sox9 Mutants, NCCs Undergo Apoptosis
after Induction
The reduction of trunk neural crest derivative formation
in Sox9 null embryos prompted us to examine whether
neural crest induction was initiated in Sox9 null em-
bryos. The expression of roof plate and dorsal neural
tube progenitor markers, including Wnt1, GDF7, Lmx1a,
Pax7, Math1, Pax3, Msx1/2, and Zic2, was similar in
wild-type and Sox9 null embryos (Supplemental Figure
S4), as was the generation of dorsal neuronal subtypes
identified by the expression of Isl-1/2, LH2A/B, and
Lim1/2 (Figures 2F and 2G and Supplemental Figure S4S).
We next analyzed the expression of FoxD3, Sox10,
RhoB, and Snail, markers characteristic of early neural
crest development at E9.5, a time point at which NCCs
had begun to emigrate from the premigratory neural
crest region. At E9.5 and E10.5, the expression of
FoxD3 in premigratory and early emigrating NCCs was
similar in wild-type embryos and Sox9 mutants (Figures
3A–3D and data not shown). Moreover, Sox10 expres-
sion was maintained in the premigratory neural crest
region and the early migratory NCCs in Sox9 mutant
embryos (Figures 3E–3H). However, expression of Sox10
along the NCC migration route in the periphery was re-
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182Figure 2. Sox9 Is Required for the Generation of Trunk Neural Crest Derivatives
(A and B) Immunofluorescence labeling with Sox9 on (A) wild-type and (B) Sox9−/− at E9.5.
(C) Quantification of neural crest cell expression of Isl-1/2, Sox10, Phox2b, and TUNEL (cells/section) on wild-type and Sox9−/− at E10.5
(mean ± SEM, n = 8 sections from at least four embryos).
(D–K) Whole-mount in situ hybridization on (D and H) wild-type and (E and I) Sox9−/− with (D and E) Isl-1/2 and (H and I) Sox10 showing
significantly reduced expression of (E) Isl-1/2 and (I) Sox10 in the dorsal root ganglia (DRG) of Sox9−/− embryos. Immunofluorescence staining
on sections from (F and J) wild-type and (G and K) Sox9−/− with (F and G) Isl-1/2 and (J and K) Sox10.
(L–O) In situ hybridization on (L and N) wild-type and (M and O) Sox9−/− with (L and M) Brn3.0 and (N and O) ErbB3. Expression of Brn3.0 in
the (L) DRG and ErbB3 expression in both DRG and peripheral nerve (pn) in the (N) wild-type; expression of Brn3.0 and ErbB3 in DRG was
reduced in (M and O) Sox9−/−. (O) Residual expression of ErbB3 in peripheral nerve was observed in Sox9−/−.
(P–S) Immunofluorescence labeling of sympathetic ganglia (sg) markers (P and Q) Phox2b and (R and S) Mash1 on (P and R) wild-type and
(Q and S) Sox9−/− showing loss of expression in the sympathetic ganglia of (Q and S) Sox9−/−. (S) Note that Mash1 was unaffected in the
neural tube of Sox9−/−. da, dorsal aorta.
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183Figure 3. Neural Crest Cells Undergo Apoptosis in Sox9 Mutants
(A–P) Whole-mount in situ hybridization of wild-type and Sox9−/− embryos with (A and C) FoxD3, (E and G) Sox10, and (M and O) Snail at
E9.5 and (B, D, F, H, N, and P) their corresponding sections at trunk level. Expression of (B and D) FoxD3 and (F and H) Sox10 was maintained
in the emigrating neural crest cells both in the (B and F) wild-type and (D and H) Sox9−/−, although the amount of Sox10+ migrating neural
crest cells was reduced in the mutants compared to the (F and H) wild-type. In situ hybridization on transverse sections of the (I and K)
caudal and (J and L) trunk spinal cord at E10.5 with RhoB on (I and J) wild-type and (K and L) Sox9−/−. (I) In the caudal neural tube, RhoB
was mainly found in early migrating neural crest cells. (K) In Sox9 null embryos, RhoB was only detected in the premigratory and early
migrating neural crest cells. (J) Anterior to the hindlimb level, RhoB was observed in the peripheral region of the DRG in wild-type embryos,
whereas (L) RhoB expression was restricted to early migrating neural crest cells in Sox9−/− mutants. (N) Expression of Snail was found in the
premigratory neural crest region of wild-type embryos, whereas (P) Snail expression was not detected in this region of Sox9−/− embryos.
(Q–X) TUNEL analysis was performed on sections of wild-type and Sox9−/− embryos at E9.5 in the hindlimb region and at E10.5 in the forelimb
to hindlimb region. (Q, S, U, and W) At E9.5 and E10.5, wild-type embryos contained few if any apoptotic cells, whereas a significant number
of apoptotic cells were observed in premigratory neural crest cells of the caudal (R and X) neural tube and (T and V) migrating trunk neural
crest cells in Sox9−/−.
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184duced in Sox9 mutant embryos compared to the wild- S
otype littermates (Figures 3F and 3H). The expression of
RhoB followed a similar pattern. RhoB was evident in
eearly emigrating NCCs in wild-type and mutant em-
bryos but was absent in mutant embryos from the re- t
pgion in which coalescing DRGs would be expected
(Figures 3I–3L). A more dramatic change in the expres- b
esion of Snail expression was detected in the premigra-
tory region of Sox9 null embryos. Wild-type premigra- e
ttory NCCs express Snail (Figures 3M and 3N); however,
in Sox9 mutants, Snail expression was markedly re- b
tduced in the premigratory neural crest region (Figures
3O and 3P). Lack of Sox9 did not affect Snail expres- n
tsion in other regions of the embryo (Figures 3O and 3P).
Together, these data suggest that, in the absence of oFigure 4. Coexpression of Sox9 and Slug/Snail Induces Neural Crest Delamination and an EMT
(A–J) In ovo electroporation of Slug in HH stage-10 to -11 chick neural tube, assayed 24 hpt. (A–C) Overexpression of Slug does not induce
ectopic HNK-1 in the neuroepithelium. (D–F) Most of the transfected cells remain in the neural tube, Laminin expression in the basal membrane
remains intact, and a few cells are found delaminating from the dorsal neural tube, where Laminin expression is decreased (arrow). (G–I)
Slug transfection does not affect N-Cad expression, and (J) neuroepithelial cells remain in a pseudostratified morphology as shown by
electron microscopy.
(L–W) In ovo electroporation of Sox9 and Slug in HH stage-10 to -11 chick neural tubes, assayed 24 hpt. (L–N) Coexpression of Sox9 and
Slug induces robust ectopic HNK-1. (O–Q) Most of transfected cells were found migrating out of the neural tube, where Laminin expression
was severely disrupted in the basal membrane. (R–T) N-Cad expression continued in transfected cells, but apical polarity was lost. Thus,
N-Cad expression was uniform on the cell surface. Electron microscopy indicated that cells in transfected regions of the neural tube were
loosely packed, unpolarized, and became more round in appearance (red arrows, [K]). (U–W) Integrin-β1 expression was not induced in Sox9-
and Slug-transfected cells but was lost in the basement membrane.ox9, NCC induction is initiated; however, expression
f Snail in premigratory NCCs is absent.
The loss of neural crest derivatives in Sox9 mutant
mbryos despite the initial induction of NCCs raised
he possibility that cells were being eliminated by apo-
tosis. Consistent with this, we detected a large num-
er of TUNEL-positive cells in the premigratory and
arly migrating neural crest of E9.5 and E10.5 Sox9 null
mbryos (Figures 3R–3X). A developmental gradient in
he incidence of apoptosis was apparent. In E9.5 em-
ryos and posterior regions of E10.5 embryos, apop-
otic cells were largely confined to the premigratory
eural crest region (Figures 3R and 3X and Supplemen-
al Figures S3B, S3D, and S3F). In more anterior regions
f E10.5 embryos, however, apoptotic cells were evi-
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185dent along the migratory route of NCCs, adjacent to the
dorsal neural tube (Figures 3T and 3V and Supplemen-
tal Figures S3B, S3D, and S3F). Apoptotic cells were
rarely observed in wild-type embryos in these positions
at equivalent ages and axial levels (Figures 3Q, 3S, 3U,
and 3W and Supplemental Figures S3A, S3C, and S3E).
These data suggest that, in the absence of Sox9 func-
tion, prospective NCCs in the dorsal neural epithelium
undergo programmed cell death immediately prior to or
shortly after commencing migration into the periphery.
This results in marked depletion of neural crest progeni-
tor cells in the periphery and the consequent loss of
neural crest derivatives.
Sox9 and Slug/Snail Induce NCC Differentiation
and Features of an EMT
The loss of Snail expression in Sox9 null embryos
prompted us to address whether Snail was sufficient to
mediate some or all of the activities of Sox9. To test
this possibility, we used in ovo electroporation in chick
embryos. In the chick, the expression profile of Slug
and Snail are reversed: Slug is expressed in premigra-
tory NCCs, while Snail expression is found in migratory
NCCs (Sefton et al., 1998). Consistent with previous
studies (del Barrio and Nieto, 2002), in ovo electropora-
tion of Slug into the trunk neural tube did not induce
the expression of ectopic neural crest markers (Figures
4A–4C and data not shown, n = 7); moreover, the
transfected neuroepithelial cells remained pseudostra-Figure 5. FoxD3 Induces HNK-1 and Sox10 Expression
(A–R) In ovo electroporation of FoxD3 in the chick neural tube at HH stage-10 to -11, analyzed 6 hpt, 12 hpt, and 24 hpt for (B, E, and H)
HNK-1 immunofluorescence and (J–R) SoxE genes by in situ hybridization. (A–C) Overexpression of FoxD3 did not induce HNK-1 expression
at 6 hpt. (D–F) By 12 hpt, some ectopic HNK-1 expression was detected, and expression became pronounced at (G–I) 24 hpt. Ectopic (J, M,
and P) Sox8 and (K, N, and Q) Sox9 expression were not detected, but ectopic Sox10 expression was first seen at (L) 6 hpt and was evident
at (O) 12 hpt and (R) 24 hpt.tified (Figures 4H and 4J, n = 7) and expression of Lami-
nin, N-Cad, and neural progenitor genes was unaffected
(Figures 4D–4I and data not shown, n = 7). Furthermore,
the levels of apoptosis in Slug-transfected embryos
were similar to those of control embryos (data not
shown, n = 5). Electroporation of Snail gave similar re-
sults (data not shown). These data suggest that forced
expression of Slug/Snail is not sufficient to promote
neural crest formation, delamination, or an EMT in trunk
neural tube cells.
In contrast, when Sox9 + Slug was coelectroporated,
robust ectopic HNK-1 expression was observed (Fig-
ures 4L–4N, n = 20) and neural progenitor gene expres-
sion was repressed (data not shown). Compared to em-
bryos transfected with Sox9 alone (Figures 1A, 1D, and
1G), in embryos electroporated with Sox9 and Slug,
many more transfected cells were found migrating out
of the neural tube (Figures 4L, 4O, 4R, and 4U, n = 20).
Moreover, the pseudostratified structure of the trans-
fected side of the neural tube appeared to be disorga-
nized, and cells were loosely packed and tended to
acquire an unpolarized, rounded morphology (Figures
4K and 4S, n = 20). Consistent with this, the apical con-
centration of N-Cad expression was lost, although
N-Cad expression was maintained on the surface of
transfected cells (Figure 4S, n = 20). The activity of
Sox9 + Slug appears to be cell autonomous, as indivi-
dual transfected cells are observed delaminating from
the neural tube in situations where the majority of the
Developmental Cell
186Figure 6. FoxD3 Regulates the Expression of Cell Adhesion Molecules Characteristic of Delaminating Neural Crest Cells Independent of SoxE
Gene Function
(A–d) In ovo electroporation of FoxD3 into the chick neural tube at HH stages 10–11, analyzed (A–O) 24 hpt and (P-d) 48 hpt. At 24 hpt, forced
expression of FoxD3 begins to (A–C) downregulate N-Cad expression on the surface of neuroepithelial cells and (D–F) induces Integrin-β1
expression. (G–I) In contrast, Laminin expression was not induced in FoxD3-transfected cells at 24 hpt. (J–L) Rhodamine-conjugated phalloidin
staining showed that most FoxD3-transfected cells maintained an elongated pseudostratified appearance, as shown in the higher magnifica-
tion of the region indicated by the (M–O) white box. (P–R) By 48 hpt, pronounced ectopic expression of Integrin-β1 was observed in the
Neural Crest Induction Requires Sox9
187and had unpregulated Integrin-β1 expression, effectsshown, n = 15). Labeling with rhodamine-conjugated
FoxD3-expressing cells. (S–U) The white box indicated a high magnification of the FoxD3-transfected cells with ectopic Integrin-β1 expression
without changing the morphology of the neuroepithelial cells. (V and X) Ectopic Laminin expression began to be observed in FoxD3-
transfected cells at 48 hpt. (Y)–(a) Phalloidin staining confirmed that FoxD3-transfected cells remained epithelial-like even though loss of
actin bundling occurred in some apical regions of the neural tube (high magnification; [b–d]).
(e–s) (e) Schematic diagram showing full-length Sox9 with the HMG domain and C-terminal transactivation region (TA) and the construction
of Sox9EnR, which replaces the C-terminal transactivation region with engrailed repressor domain (EnR). (f) Coelectroporation of FoxD3 and
Sox9EnR induces (g) Sox10 expression, but (h) expression of only a few ectopic HNK-1 cells was detected at 24 hpt. (i) Ectopic expression of
Integrin-β1 was observed in FoxD3- and Sox9EnR-transfected cells (j). At 48 hpt, misexpression of FoxD3 and Sox9EnR induced (k–m) repres-
sion of N-Cad and upregulation of (n–p) Laminin and (q–s) Integrin-β1 expression.neural tube is untransfected (Supplemental Figures
S6J–S6O). Coelectroporation of Sox9 + Snail also gave
similar results (data not shown, n = 6). These data sug-
gest that the coexpression of Sox9 and Slug/Snail acts
to initiate neural crest-specific gene expression and
an EMT.
The similarities between embryos cotransfected with
Sox9 + RhoB(QL) and embryos expressing Sox9 +
Snail/Slug led us to ask if there was an epistatic con-
nection between RhoB and Snail/Slug. However, no
ectopic RhoB expression was observed in cells trans-
fected with Sox9 + Slug (Supplemental Figure S5A, n =
5). Conversely, Sox9 + RhoB(QL) coexpression did not
induce ectopic Slug or Snail expression (Supplemental
Figures S5B–S5D and data not shown, n = 7). Taken
together, these data suggest that Slug/Snail and RhoB
do not have a direct epistatic relationship; instead, these
proteins may act in parallel or in independent pathways
to regulate aspects of an EMT in Sox9-expressing
trunk NCCs.
FoxD3 Participates in NCC Induction
The winged-helix transcription factor, FoxD3, has also
been implicated in neural crest formation (Dottori et al.,
2001; Kos et al., 2001), and FoxD3 expression was
maintained in embryos lacking Sox9 (Figures 3A–3D).
Forced expression of FoxD3 in chick neural tube cells
is sufficient to induce ectopic HNK-1 by 24 hr post-
transfection (hpt) (Dottori et al., 2001) (Figures 5G, 5H,
and 5I, n = 15). In contrast, the forced expression of
Sox9 induced robust ectopic HNK-1 expression within
12 hpt (Cheung and Briscoe, 2003). Moreover, in em-
bryos transfected with FoxD3, ectopic Sox10 expres-
sion was evident by 12 hpt, although ectopic Sox8 or
Sox9 expression was not detected at any time point
examined (Figures 5J–5R). Like members of the SoxE
family, the forced expression of FoxD3 was not suffi-
cient to efficiently promote an EMT: the basement
membrane was maintained in FoxD3-transfected em-
bryos, and the neural tube retained its tightly packed
epithelial configuration (Figures 6G–6I and 6J–6O, n =
10). However, in contrast to SoxE gene expression,
FoxD3 inhibited the expression of N-cad and upregu-
lated Integrin-β1 and Laminin expression. Downregula-
tion of N-Cad was evident by 24 hpt (Figures 6A–6C,
n = 15), and, at this time, low levels of Integrin-β1 ex-
pression could be detected (Figure 6D–6F, n = 12). By
48 hpt, N-Cad expression was no longer detectable
(data not shown, n = 18), and high levels of Integrin-β1,
Laminin, and Cadherin 7 expression were apparent in
FoxD3-expressing cells (Figures 6P–6X and data notphalloidin to mark the actin cytoskeleton indicated that
most FoxD3-expressing cells retained an elongated,
pseudostratified neuroepithelial morphology, although
actin bundling and N-Cad expression were lost in some
apical regions of the neural tube by 48 hpt (Figures 6Y–
6d and data not shown, n = 12). In embryos transfected
with Sox9 or Sox9 + Slug, although the distribution of
N-Cad is altered in transfected cells, expression of N-Cad
continued and Integrin-β1 upregulation was not ob-
served (Figures 1G–1I and 4R–4W, n = 7). These data
indicate that, although FoxD3 is not sufficient to induce
the morphological features of an EMT, it does appear
to regulate the expression of surface proteins charac-
teristic of delaminating NCCs.
To investigate whether the responses to FoxD3 de-
pended on Sox10 induction, we analyzed the effect of
blocking SoxE activity. To accomplish this, we con-
structed a dominant inhibitory SoxE, SoxEEnR, by fusing
the HMG domain of Sox9 to the Engrailed transcrip-
tional repressor domain (EnR; Figure 6e). Cotransfec-
tion experiments in chick neural tube cells indicated
that SoxEEnR is sufficient to inhibit ectopic HNK-1 ex-
pression induced by forced expression of Sox9 or
Sox10 (data not shown, n = 8). Moreover, electropora-
tion of SoxEEnR into the posterior neural tube of HH
stage-10 embryos inhibited induction of endogenous
NCCs (data not shown, n = 5). Coelectroporation of
SoxEEnR with FoxD3 inhibited HNK-1 induction (Figures
6f and 6h, n = 12) but did not affect the ability of FoxD3
to induce Sox10 expression (Figure 6g, n = 12). These
data suggest that FoxD3 induces Sox10 expression
and that Sox10 initiates HNK-1 expression. In embryos
transfected with FoxD3 and SoxEEnR, repression of
N-Cad and upregulation of Laminin and Integrin-β1 ex-
pression was evident 24 hpt and 48 hpt, and no
increase in apoptosis was observed (Figures 6i–6s, n =
6). These data suggest that FoxD3 initiates changes in
the cell-cell adhesion properties of NCCs independent
of SoxE genes.
Taken together, these data suggest that the com-
bined expression of Sox9, FoxD3, and Slug should be
sufficient to specify NCCs and induce an EMT. To test
this, we performed in ovo electroporation with a combi-
nation of the three genes. In embryos transfected with
the three constructs, ectopic HNK-1 expression was
observed in GFP+ cells 24 hpt (Figures 7A–7C, n = 9).
Phalloidin staining indicated that transfected cells were
noticeably more rounded and lacked obvious apical-
basal polarity and that the tissue was disorganized and
loosely packed (Figures 7D–7F, n = 8). Moreover, in tri-
ple-electroporated embryos, transfected cells con-
tained markedly reduced levels of N-Cad expression
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188Figure 7. Coexpression of Sox9/FoxD3/Slug Induces Neural Crest Cell Delamination and an EMT and Alteration of Surface Marker Expression
(A–d) The combined in ovo electroporation of Sox9, FoxD3, and Slug into the chick neural tube at HH stages 10–11, analyzed (A–O) 24 hpt
and (P-d) 48 hpt. (A–C) Ectopic HNK-1 expression was observed, and transfected cells had lost their pseudostratified epithelia appearance
and had taken on the characteristics of rounded mesenchymal-like cells (arrows). (D–F) Rhodamine-conjugated phalloidin staining showed
that most triple-transfected cells were round, disorganized, and loosely packed with mesenchymal-like morphology. (G–I) Expression of
N-Cad was markedly reduced in transfected cells, and no evidence of polarity was apparent. (J–L) Integrin-β1 expression was induced in
some transfected cells, which had a round mesenchymal-like appearance. (M–O) The box shows higher magnification. (A, D, G, and J)
Transfected cells were found migrating out of the neural tube from ventral and intermediate regions of the neural tube. (P–R) By 48 hpt,
ectopic HNK-1 expression was observed and most of the transfected cells migrated to the mesenchymal and lumen of the neural tube,
resulting in depletion of the neuroepithelium and a thinner neural tube, as shown by (S–U) phalloidin staining. (V–X) N-Cad expression was
significantly downregulated in the transfected cells. (Y-a) In contrast, Integrin-β1 expression was induced in the transfected cells. (b–d) The
box shows higher magnification.
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(e) Model: Coordinated induction of cell intrinsic factors initiates and integrates the various properties of neural crest cells. FoxD3 regulates
the expression of cell-cell adhesion in NCCs by downregulating N-Cad and upregulating Integrin-β1, Laminin, and Cad7 expression. In
addition, FoxD3 and Sox9 induce Sox10 expression. SoxE gene expression induces a switch in fate from neural progenitor cells to NCCs and
provides competence for NCCs to survive. Coexpression of Sox9 and Slug/Snail induces EMT-like characteristics, altering morphology and
apical-basal polarity and dismantling the basement membrane.consistent with the forced expression of FoxD3 (Fig-
ures 7G–7O, n = 7). Transfected cells were found mi-
grating into surrounding mesenchymal tissue and the
lumen of the neural tube (Figures 7A, 7D, 7G, and 7J).
By 48 hpt, the effect of triple electroporation was more
dramatic, with most transfected cells migrating into
mesenchymal tissue. This migration resulted in deple-
tion of neuroepithelium and a thinner neural tube (Fig-
ures 7P, 7S, 7V, and 7Y, n = 6). Transfected cells at 48
hpt maintained expression of HNK-1 and Integrin-β1
and downregulation of N-Cad (Figures 7P–7R, 7Y–7d,
7V–7X, n = 5). Phalloidin and Integrin-β1 staining indi-
cated that transfected cells remained round and loosely
packed, with mesenchymal-like morphology (Figure 7T,
7Z, and 7c, n = 5). By 72 hpt, transfected cells had
migrated extensively within the embryo (Supplemental
Figures S6A–S6F). Together, these data indicate that
the combined expression of the three cell intrinsic
factors are sufficient to coordinately induce the princi-
pal features of trunk neural crest cells.
Discussion
A Combinatorial Transcriptional Code
for Neural Crest Induction
Neural crest formation involves coordinated changes in
gene expression, developmental potential, cell-cell ad-
hesion, and an epithelial-mesenchymal transition. A
number of transcription factors are known to be ex-
pressed in prospective trunk neural crest cells, includ-
ing members of the SoxE, Slug/Snail, and FoxD3 fami-
lies (Spokony et al., 2002; Cheng et al. 2000; Sefton et
al. 1998; Dottori et al. 2001; Kos et al. 2001), and we
provide evidence that these three families of transcrip-
tion factors control different aspects of trunk neural
crest specification. These data are consistent with
those from previous studies that have suggested that
the early stages of neural crest development can be
divided into distinct steps and that the induction and
specification of the neural crest is separable from the
initiation of an epithelial-mesenchymal transition (New-
green and Minichiello 1995; Sela-Donenfield and
Kalcheim 1999). Together, these data suggest a genetic
network of cell intrinsic factors expressed by trunk
NCCs, which regulate and coordinate the induction of
various neural crest features (Figure 7e).
Occupying a key position in the network of NCC in-
duction is Sox9. Although cells of the dorsal neural epi-
thelium initiate NCC induction, in the absence of Sox9
they undergo programmed cell death immediately prior
to or shortly after commencing migration into the pe-
riphery. This correlates with the time at which NCCs
undergo an EMT. Consistent with this, apoptosis is in-
duced in neural cells transfected with RhoB, a small G
protein implicated in the epithelial-mesenchymal transi-
tion of NCCs (Liu and Jessell, 1998), while coexpressionthe characteristics of an EMT. Thus, Sox9 appears to
protect trunk NCCs undergoing an EMT from apoptosis.
The persistence of FoxD3 expression in embryos
lacking Sox9 protein indicates that Sox9 is not required
for FoxD3 induction. Conversely, forced expression of
FoxD3 does not result in Sox9 induction, suggesting
that FoxD3 and Sox9 are induced in parallel in pros-
pective NCCs. Gain-of-function experiments indicate
that FoxD3 is able to induce many features of NCC dif-
ferentiation, including HNK-1 expression, downregula-
tion of the cell adhesion molecule N-Cad, and the
upregulation of the mesenchymal marker Integrin-β1
and Laminin. Sox10, a member of the same subgroup
of Sox genes as Sox9, in part mediates these activities,
as blockade of Sox10 function inhibits FoxD3-mediated
HNK-1 induction. In these experiments, however, FoxD3
continues to repress N-Cad and induce Laminin and
Integrin-β1. Thus, in addition to inducing Sox10, FoxD3
expression appears to have a distinct role in developing
NCCs to control the expression of cell surface proteins
that regulate cell adhesive properties. These changes
in cell adhesion are not required for cells to undergo an
EMT, as forced expression of FoxD3 does not evoke
changes in cell behavior typical of an EMT. Conversely,
Sox9 + Slug promotes characteristics of an EMT but
does not alter the expression of N-Cad or Integrin-β1.
Previous studies have provided evidence that the ap-
propriate regulation of cell adhesion molecules in NCCs
is required for normal migration (Nakagawa and Ta-
keichi, 1998; Pietri et al., 2004); thus, the regulation of
cell adhesion molecules by FoxD3 may be required for
targeting NCCs to specific destinations.
Together, the data are most easily accommodated by
a model in which the coordinated expression of the
three transcription factors is sufficient to initiate an in-
tegrated program of neural crest induction that controls
the changes in gene expression and cellular properties
necessary to specify neural crest cells. What signals
regulate these cell intrinsic determinants of neural crest
differentiation remains unclear. A number of secreted
signaling molecules, notably members of the BMP, FGF,
and Wnt families, are expressed in the relevant tissues
at appropriate times during development and are impli-
cated in NCC induction (reviewed in Knecht and Bron-
ner-Fraser, 2002). Given the evidence that three cell in-
trinsic determinants control distinct NCC properties, it
is possible that different signals or different combina-
tions of signals induce each of the three genes. Analy-
sis of the molecular basis of the transcriptional control
of Sox9, FoxD3, and Slug/Snail may provide insight into
this issue.
SoxE Genes Have Multiple and Overlapping
Roles in Development
Consistent with the defects in neural crest generation
in mouse embryos lacking Sox9, loss-of-function analy-
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190crest development in this species too (Spokony et al., t
t2002). However, neural crest generation in mouse is not
Scompletely abrogated in the absence of Sox9. Sox10
nrepresents a candidate compensatory factor that may
tameliorate the loss of Sox9. FoxD3 induces Sox10, and
aexpression persists in Sox9 mutant embryos. Moreover,
pforced expression of Sox10 suggests that it is function-
sally equivalent to Sox9 (Cheung and Briscoe, 2003). If
iSox10 is able to substitute for Sox9, why is there any
ploss of NCCs in Sox9 mutants? It is possible that the
blevels of expression of Sox10 are not sufficient to fully
compensate for the lack of Sox9. Alternatively, the ki-
tnetics of Sox10 induction and the timing of the forma-
btion of an EMT may provide an answer. It is possible
tthat, in Sox9 mutants, apoptosis is restricted to those
mNCCs that initiate an EMT prior to the induction of
cSox10 expression. Stochastic variations in the relative
dtiming of these events could therefore account for the
(differences observed. Furthermore, it is possible that
sthe relationship between the induction of Sox10 and
cthe initiation of an EMT differs along the anterior-poste-
1rior axis and between species, resulting in the observed
rvariations in the requirement for Sox9 and Sox10. Con-
asistent with this idea, while loss of Sox10 has no effect
eon the early development of NCCs in mouse (Kim et al.,
t2003), loss-of-function experiments in Xenopus provide
Sevidence for a requirement for Sox10 in NCC induction
Ein this species (Honorè et al., 2003).
uIn addition to playing roles in the early specification
nof NCCs, SoxE genes have also been implicated in later
1aspects of neural crest development and in the de-
mvelopment of other tissues. Sox10 appears to maintain
Tthe multipotency and inhibit neuronal differentiation of
NNCCs and is required for the differentiation of a number
tof neural crest derivatives (Kim et al., 2003; Southard-
Smith et al., 1998; Britsch et al., 2001). The role of Sox9
iin the later generation of neural crest derivatives has
sbeen more difficult to assess because, although resid-
b
ual PNS neurons and glial are generated, Sox9-defi-
t
cient embryos die at we11.5, precluding a more de-
t
tailed analysis. Removal of Sox9 from the neural crest m
by using a Wnt1-Cre, which deletes Sox9 at a later de- a
velopmental time point and in a more restricted popula- b
tion of cells than the strategy used in this study, results a
in a complete absence of cartilage and endochondral f
bones derived from cranial neural crest cells (Mori-Aki- c
yama et al., 2003). This is consistent with the previously s
identified role for Sox9 in mesenchymal condensation E
and the generation of skeletal structures (Bi et al., 1999; s
Akiyama et al., 2002). The multiple roles assigned to c
the SoxE genes suggest that these transcription factors a
function in a context-dependent manner at least in part p
by interacting with different cofactors (Kamachi et al., p
2000). Whether the neural crest function of SoxE genes i
requires a partner(s) remains to be determined, as does t
the identity of any putative cofactor. i
r
oCell Competence Regulates Epithelial-
gMesenchymal Transitions
Previous studies of neural crest development have sug-
Egested roles for both the Slug/Snail family of transcrip-
tion factors and the small G protein, RhoB, in the for- M
mation of a neural crest EMT and delamination (Nieto
et al., 1994; Liu and Jessell, 1998). Our studies suggesthat SoxE transcription factors are also key players in
his transformation. In the absence of SoxE expression,
lug/Snail is not sufficient to induce an EMT in trunk
eural cells. In contrast, expression of RhoB in neural
ube cells lacking SoxE gene expression results in the
poptotic elimination of cells, suggesting that the inap-
ropriate initiation of an EMT is not compatible with the
urvival of neural epithelial cells. Together, these data
ndicate that SoxE gene expression provide the appro-
riate competence to neural cells so that an EMT can
e completed successfully.
Which cell intrinsic factors are normally involved in
he EMT of NCCs remains to be clarified. Mouse em-
ryos lacking Snail do not survive beyond midgesta-
ion, precluding the analysis of the role of Snail in mam-
alian neural crest generation (Carver et al., 2001). In
hick, RNA antisense experiments have provided evi-
ence supporting a role for Slug in NCC development
Nieto et al., 1994), but a number of observations have
uggested that Slug expression does not necessarily
orrelate with the EMT (Sela-Donenfield and Kalcheim,
999). Slug/Snail has, however, been shown to confer
esistance to cell death in neural crest cells (Vega et
l., 2004). It is possible, therefore, that the loss of Snail
xpression could be one of the factors that facilitates
he apoptotic elimination of neural crest progenitors in
ox9 mutants. Whether Rho activity is essential for an
MT during normal neural crest development is also
nclear, as although a blockade of Rho activity inhibits
eural crest delamination in chick (Liu and Jessell,
998), neural crest development proceeds normally in
ice harboring a null allele of RhoB (Liu et al., 2001).
hese findings may be reconciled by the presence, in
CCs, of other small G proteins that compensate for
he loss of RhoB.
The delamination and EMT of NCCs involves changes
n cell shape and cell-cell interaction, loss of apicoba-
al polarity, and disassembly of the basement mem-
rane. These are characteristics common to metastatic
ransformation and acquisition of invasive behavior by
umor cells. Previously, expression of Slug/Snail in tu-
ors has been associated with increased invasiveness,
nd the induction of Slug/Snail in cell line models has
een demonstrated to enhance their metastatic char-
cteristics (Cano et al., 2000; Batlle et al., 2000). Our
indings would suggest, however, that not all epithelial
ells are competent to undergo an EMT; moreover, in
ome circumstances, compelling cells to initiate an
MT appears to be incompatible with their continued
urvival. The expression of SoxE in neural cells is suffi-
ient to confer competence to successfully complete
n EMT, and it will be interesting to determine if SoxE
roteins or other competence/survival factors are im-
ortant for the transformation of epithelial tumors into
nvasive carcinomas. Whether this is the case or not,
he data presented here contribute to our understand-
ng of the cell intrinsic network that regulates early neu-
al crest development and may provide insight into
ther cases in which an EMT and transcriptional pro-
rams are coordinately regulated.
xperimental Procedures
ouse Mutant Lines
Introduction of LoxP sites into the Sox9 gene and the generation of
Sox9 Floxed heterozygous and homozygous mice were described
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191previously (Akiyama et al., 2002). Generation of Sox9 null embryos
by using Cre transgenes driven by germ line-specific promoters
was performed as described (Akiyama et al., 2004).
In Situ Hybridization, Immunohistochemistry,
and Tunel Assays
In situ hybridization was performed as described (Cheng et al.,
2000). The following probes were used: chick Sox8, Sox9, and
Sox10 (Cheng et al., 2000, 2001); rat Isl-1/2 (T. Jessell); mouse
Sox10 (M. Wegner), Wnt1, Wnt6 (A. McMahon), GDF7 (A. Simeone),
ErbB3 (J. Golding), Brn3.0 (S-L. Ang), Notch-1 (M. Logan), and
RhoB (T. Jessell); and a Lmx1a chick-expressed sequence tag
(EST) clone. FoxD3 (I.M.A.G.E. ID 418507) and Snail (I.M.A.G.E. ID
5121591) probes were derived from I.M.A.G.E Consortium cDNA
Clones. Immunohistochemical detection of proteins on sections
was performed as described (Briscoe et al., 2000). Antibodies
against the following proteins were used: green fluorescence pro-
tein (Molecular Probes); HNK-1 (Becton Dickinson); Laminin
(Sigma); N-Cad (Zymed Labs); β-tubulin (Covance); Zic2 (Brown et
al., 2003); Sox9 (M. Wegner); Phox2b (J. Brunet); Mash1 (F. Guille-
mot); Math1 (J. Johnson); Nkx6.1 (H. Edlund); Olig2 (B. Novitch);
Isl-1/2 (Ericson et al., 1992); Pax7, Pax6, HB9, Nkx2.2, Shh, and
Chx10 (Briscoe et al., 2000); Pax3 (Baker et al., 2002); Integrin-β
(Hayachi et al., 1990); Msx1/2 (Liem et al., 1995); Lim1/2; LH2A/B
(Lee et al., 1998); and Rhodamine Phalloidin (Molecular Probes).
Antisera against Sox10 were generated in rabbit against the pep-
tide CPPAHSPTANWDQPVYTTLT. Apoptosis analysis on frozen
sections was carried out by using the in situ cell death detection
kit (Roche), and whole-mount TUNEL analysis was performed by
using the in situ apoptosis detection kit based on the manufactur-
er’s instructions (Qbiogene).
Chick In Ovo Electroporation
Fertilized chick eggs were obtained from Winter Egg Farm (Roys-
ton, UK). Embryos were staged according to Hamburger and Ham-
ilton (HH) (Hamburger and Hamilton, 1951). In ovo electroporation
was carried out as described (Cheung and Briscoe, 2003). The
following constructs were used: chick Sox9 cDNA (Kamachi et al.,
1999), chick Sox10 cDNA (Cheng et al., 2000), SoxEEnR (transacti-
vation domain of chick Sox9 containing amino acid 265–495 re-
placed by Engrailed transcriptional repressor domain; Kamachi et
al., 1999), chick Slug cDNA (del Barrio and Nieto, 2002), and mouse
FoxD3 cDNA (P.A. Labosky). These constructs were inserted up-
stream of an internal ribosomal entry site (IRES) and a nuclear lo-
calization sequence (nls)-tagged GFP in the pCAGGS expression
vector (Niwa et al., 1991). Wild-type RhoB, constitutive active (QL),
and inactive forms (TN) of RhoB were in the pcDNA3 vector (Invitro-
gen) provided by H. Mellor (Mellor et al., 1998).
Supplemental Data
Supplemental Data including Supplemental Figures S1–S6 are
available at http://www.developmentalcell.com/cgi/content/full/8/
2/179/DC1/.
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